IMPORTANCE OF THE PLASMA TO PULSED LASER ANNEALING (*I
Abstract.-In the presence of a dense ( > 1021/cm3) electron-hole plasma which may be produced by the intense irradiation during pulsed laser annealing, the covalent bonding of tetrahedral semiconductors like Si will be severely weakened because a significant fraction of the bond charge has been excited across the gap into antibonding or plane wave states. The crystal structure may even become unstable and undergo a phase transition if the bond charge is reduced beyond a critical point where the transverse acoustic modes go to zero frequency. This transition has previously been estimated from the temperature dependence of the gap to occur at a density of 8x102'/cm3 for a lattice temperature of 0 K and at lower densities for higher lattice temperatures. In this state the material would not be able to support a shear and so should be called a liquid, but it would be very distinct from molten Si. The energy from the laser would be concentrated in the electronic excitation and not in kinetic energy of the atoms, as in the thermal case. Recrystallization could occur without the destructive effects of severe thermal gradients when the material passes back through this phase transition to the covalently bonded phase. However, recrystallization of ion-implanted material should also be possible without passing through this phase transition if the atoms are reordered by the optically induced gliding of dislocations out of the damaged zone, as has been observed in crystalline semiconductors. Point defects should be removed from amorphous or damaged material at a rate much greater than normal furnace annealing due to five separate effects. First, they may be eliminated by recrystallization following the phase transition. Second, they may experience recombination enhanced diffusion within the covalent phase. Third, the coulombic trapping by charged impurities, which normally reduces the net rate of vacancy (or interstitial) migration drastically, will be suppressed. by the flux of free carriers in the dense plasma. Fourth, point defects may be swept out of the material as the large concentration of dislocations, which are ideal sinks, glide out. Fifth, the energy of formation of fast diffusing interstitial species can be greatly reduced by the dense plasma. It is claimed that these effects are required to account for the very high crystallographic, morphological and electrical quality of Si produced by pulsed laser annealing.
In his 1977 review of the subject of theories for laser damage /4-7/ indicate pulsed laser annealing I. B. Khaibullin that the material should be heavily damaged, concluded /1/, "The mechanism of laser annea-not annealed, if all the energy of the laser ling is not yet finally established. But pulse were converted to local heating of the even now one can state that in the case of material in times of order the duration of the nanosecond regimes one cannot reduce it the pulse. Simple analysis /8/ of the to the ordinary thermal effect. Different mechanical forces that would be generated factors such as photoionization, impact wave, by thermal expansion and by contraction upon powerfullight fields etc. play a significant melting in times of order the duration of role." Kachurin, et al., /2,3/ also showed these laser pulses show that a molten layer evidence that pulsed laser annealing is a could not remain in contact with the subsnonthermal process.
trate unless it balled-up to an extent In addition to the convincing arguments completely inconsistent with the very flat that pulsed laser annealing could not be a surface morphology that is obtained. simple thermal effect and could not be simple Thermoelastic measurements /9/ made during thermal melting followed by rapid crystalli-pulsed laser annealing of Si show no evidenzation and quench which are given in those ce for the snap-back force that would have papers, several more observations and arguto occur if the surface melted and contracments lead to the same conclusion. There is, ted until one increases the laser energy of course, the fact that long standing above the damage threshold. Indeed, it has been shown that thermal expansion forces in pulses /10,11/ will fracture the material without raising its temperature to the melting point. In addition to the observation that annealing may occur without any significant increase in surface reflectivity /I, 12-14/ it has been noted /8/ that when a rise in surface reflectivity is observed /IS-17/ it rises and falls in a manner expected for a dense electron-hole plasma and not that expected for molten Si. (Indeed, the traditional explanation for the abrupt rise in reflectivity of Si mirrors used for Q-switching lasers has been the formation of a sufficiently dense electron-hole plasma /18/) . Iloreover, there is no close agreement /8, 13, 14, 16, 19 / between the measured reflectivity during the high reflectivity period and the known reflectivity of molten Si /20/. There is close agreement between the reflectivity of molten Si and that measured when one increases the laser energy well above the threshold for damage to the wafer /14/. Furthermore, the redistribution of dopants has been shown /8,21,22/ to be inconsistent with the hypothesis of crystallization from normal molten Si. It may also be noted that Matthews and Ashby observed /23/ nonthermal annealing of ion implanted amorphous Si by the electron beam of their electron microscope in 1972. The author believes the physical processes involved in electron beam annealing are essentially the same as those in laser annealing.
It is the author's opinion that it is the photoionization, the dense electron-hole plasma created by the intense laser pulse, which principally accounts for the remarkable properties of pulsed laser annealing and that the process is indeed nonthermal in the sense that the thermal transients that do occur are neither helpful to the annealing nor particularly severe. Let us call this the "Plasma Annealing", PA, theory and process. By far the most difficult aspect of the PA theory of pulsed laser annealing is the question why the plasma remains dense for such a long time and transfers its energy to the lattice so slowly. However, it seems that the observations that the increased surface reflectivity, which has the properties of a dense plasma and not those of a molten layer, may persist /16,17/ as long as 800 ns demonstrate the point experimentally. Explanations for this long lifetime and slow transfer are given in detail elsewhere /24-27/. These explanations involve: a) the decoupling of the lattice from the plasmons of the excited carriers when f i w becomes much larger than all phonon P modes /25/ (when the excited carrier density exceeds 10'~/cm~); b) the screening of the deformation potential coupling between hot carriers and phonons /26/; c) an argument that under normal conditions the coupling of the lattice to the carriers via the plasmons is more important than that via the deformation potential, particularly for intervalley scattering with the emission of longitudinal phonons /24/; and d: a calculation showing that in Si the only optic phonons coupling to plasmons have (100) wave vectors so that plasmons with wave vectors in other directions will be long lived when hw is much larger than P acoustic branch energies /27/. However, let us note that even if there were no slowing of the energy transfer from hot carriers to the lattice, even if the phonon emission time were 1x10-13s, one would not melt a typical 100 nm thick damaged layer back to the substrate at the observed threshold for annealing. The energy required to heat crystalline Si from room temperature to the melting point and to melt it is 7,3x103 J/cm3. Due to the heat of recrystallization (which has not yet been determined experimentally for Si), the energy required to heat and melt amorphous Si is somewhat, perhaps a third, less. Therefore, the energy required to melt a 100 nm layer of ion implanted Si be about 0.05 J/cm2 if there were no diffusion of energy to the substrate. As the normal incidence reflectivity rises from about 35% at the beginning of the pulse to about 60 % during the observed high reflectivity period, the energy absorbed is about half that incident. Thus the incident energy density threshold required to melt a 100 nm layet with no diffusion would be about 0.10 J/cm2 for an amorphous ion implanted surface. The observed incident energy threshold for single shot complete annealing of a 100 nm amorphous layer with either 30 ns or 30 ps pulses is about 0.5 J/cm2 for 533 nm light /19,28/ which is absorbed in the same 100 nm or about 0.25 J/cm2 for 266 nm light which is absorbed in the first 8 nm. The energy of a 533 nm photon exceeds the energy gap of Si by more than 1 eV; this energy would appear as kinetic energy of the carriers excited across the gap. Free carrier absorption would leave the carrier with more than 2.3 eV of kinetic energy. Auger recombination would add 1.1. eV to the kinetic energy of the third carrier in the process. Even if a phonon emission time of 1x10-I s is assumed, these carriers would still diffuse more than 200 nm before giving up 1 eV to the lattice. This alone would double or triple the energy required to melt 100 nm with 533 or 266 nm light. The thermal diffusivity of Si under normal furnace conditions (in the dark) varies from 0.86 cm2/s at room temperature to Oi117 cm2/s at the melting point /29,30/. If we take D = 0.117 and T = 30 ns, a typical laser pulse duration, and if we make a rough estimate of the extent of thermal diffusion, we find (DT) 'I2 = 600 nm or six times depth of the layer to be annealed. (For a more detailed account of these two effects see the recent study of E. J. Yoffa /31/) In fact the diffusion of the heat that has been delivered to the lattice will be substantially greater than this estimate because the laser pulse produces a carrier concentration which, by all estimates, is much larger than the thermal intrinsic value (2x10' 9/cm3 at the melting point and less at lower temperatures).and because 40 % of the thermal diffusivity at the melting point is due to the intrinsic free carriers /30/. If we make the conservative estimate /26/ that the carrier concentration during the laser pulse is 2~1 0~" / c m~, then the difgusivity at the melting point would be 0.54 cm2/s and (DT) 1/2 = 1.3 pm. Combining this consideration with that of the diffusion of the carriers evenwithal~lO-'~ s phonon emission time, we conclude that the incident energy would have to exceed 1 J/cm2 to melt a 100 nm amorphous layer with either 533 or 266 nrn light. Thus the damaged layer will not be melted back to the substrate at the observed incident energy density thresholds of 0.25 J/cm2 for 266 nm or 0.5 ~/ c m~ for 533 nm light. (Some published computer simulations /19,32-34/ of the heating of the material during pulsed laser annealing have concluded that the annealing threshold is the level at which melting does extend to the damage interface. These neglect the effects of carrier diffusion as phonons are being emitted and the enhancement of thermal diffusivity due to the excess carrier concentration produced by the intense laser light). Now let us outline the PA hypothesis. Two central ideas are that the presence of a large number of excited electrons and holes produced as the laser light is absorbed will: 1) weaken the covalent bonding, particularly the bond bending forces, and render the material much more plastic than normal; and 2) detrap point defect clusters which are normally bound coulombically so that the defects will be much more mobile. In the presence of a dense (>lo2 l/cm3) electron-hole plasma which may be produced by the intense irradiation during pulsed laser annealing, the covalent bonding of tetrahedral ,semiconductors like Si will be severely weakened because a significant fraction of.the bond charge has been excited across the gap into antibonding or plane wave states. The crystal structure may even become unstable and undergo a phase transition if the bond charge is reduced beyond a critical point which would depend on lattice temperature, TL. If TL = 0 K, this transition would be second order and should occur where the transverse acoustic modes go to zero frequency. This
. , transition has previously been estimated /35/ from the temperatire dependence of the gap to occur at a density of 8~1 0~~/ c m~, At finite TL the transition should be weakly first order because the atomic motion will increase as the .bond bending forces are weakend until the structure becomes unstable. In this state the material would not be able to support a shear and so should be called a liquid, but it would be very distinct from molten Si. The energy from the laser would be concentrated in the electronic excitation and not in kinetic energy of the atoms, as in the thermal case. Recrystallization could occur without the destructive effects of severe thermal gradients when the material passes back through this phase transition to the covalently bonded phase. It would be necessary that the plasma density fall sufficiently slowly that the bonding forces remain weak for a sufficient time so that the atoms could regain long range order in the normal tetrahedral phase. If the density were to fall 0 too rapidly, one should expect the resultant material to be amorphous and tetrahedrally bonded. (A completely reversible crystalline to tetrahedrally bonded amorphous transition has beqn observed /36,37/ to occur under certain laser irradiation conditions. The author feels the transition from the dense plasma phase is a much more likely cause of this amorphous material than is the normal molten phase. Reasons for this belief are that molten Si is more than fourfold coordinated and 15 % more dense than crystalline Si, that glasses quenched from a melt retain the structure of the melt, that no one has succeeded in making amorphous Si by splatcooling, and that rapid quenching from a high temperature would be expected to damage the material). However, recrystallization of ion-implanted material should also be possible wifhout passing through this phase transition if the atoms are reordered by the optically induced gliding of dislocations out of the damaged zone, as has been observed in crystalline semiconductors /38/. Monemar, et al., /38/ proved that when this process occurred in GaAlAs double heterostructures, it was nonthermal. Porter, et al., /39,40/ observed laser annealing of heavily dislocated Si and showed that the effect could not be the result of epitaxial regrowth from any phase because there was no epitaxial relation between the annealed material and the Si on any of its five sides. (The annealed material was free of dislocations and completely surrounded be heavily dislocated material, BY definition, epitaxial growth on a dislocated surface produces dislocated overgrowth), This observation could only be explained by rapid glide or climb of the dislocations during the annealing event. The observations by Narayan /41/ of the removal of dislocation loops and P precipitates from Si during pulsed laser annealing have to be explained in the same way because epitaxial regrowth would have produced material that was not single crystal above the precipitates and dislocations that remained in the phase boundary, Point defects should be removed from amorphous or damaged material at a rate much greater than normal furnace annealing due to five separate effects. First, they may be eliminated by recrystallization following the phase transition. Second, they may experience recombination enhanced diffusion within the covalent phase /42/. Third, the coulombic trapping by charged impuyities, which normally reduces the net rate of vacancy (or interstitial) migration drastically /43/, will be suppressed by the flux of free carriers in the dense plasma. Fourth, point defects may be swept out of the material as the large concentration of dislocations, which are ideal sinks, glide out. Fifth, the energy of formation of fast diffusing interstitial species /44/ can be greatly reduced by the dense plasma.
We must now elaborate upon the third point. There must be at least some moderate lattice heating of the sample during pulsed laser annealing. Therefore, let us make calculation easy by assuming kTL = 0.05 eV, TL = 307 C, where TL is, again, the lattice temperature -as distinguished from the temperature of the plasma, Te, which would be much greater. It would be very difficult to attain an accurate phonon spectrum for the material during pulsed laser annealing, but we may assume that the lattice attempt frequency, v, is given by which implies that
We also do not know empirical values for the enthalpies of migration of vacancies in amorphous Si, so we approximate them with values determined for crystalline Si. 
should expect, at least in first approximation, that and the standard expression for vacancy diffusivity in the diamond lattice
where a is the lattice constant of Si, a = 0.543 nm, and the factor 0.0625 results from a combination of geometrical and correlation of hoping direction considerations. ASm is the entropy of vacancy migration. This has been estimated from purely geometrical grounds by Swalin /46/. That estimate has been checked against accurate data by Van Vechten and Thurmond /43/. It is i.e., that the diffusivity of atoms that migrate by vacancy motion is just the vacancy diffusivity times the probability of exchange with a vacancy, which in this case is taken to be just the atom fraction of vacancies. As the initial vacancy concentration, the excess volume is several percent /48/ the impurity dif fusivity, D (I), will be several percent of the vacancy diffusivities just calculated until the excess volume is expelled. Therefore, we Asm = 4.1 k (6) should estimate
The result is as long as the vacancies are at this high D(v-~, T=307 C) = 3.7 x cm2/s, (7) concentration. Wang, et al., /21/ who report and some of the largest impurity redistributions D ( v~, ~= 3 0 7 C) = 1.8 x lo-' cm2/s, (8) measured, fir their data by assuming D(1) = 2.4 x lo-' cm2/s for 180 ns. Therefore, if the isolated vacancies migrate
We now address the problem of surface without trapping for T = 200 ns., there segregation of ion implanted impurities.
will be Impurity segregation will occur across any d (~-~, 307 C, 200 ns.) = 270 nm, depend upon this driving force, the diffu1f the depth of damage is 50 to loo the sivity of the impurity and the time avaivacancies would have roughly sufficient time lable for diffusion. If material were to migrate all the way to the free surface* melting, one would expect impurities with Note that a) as the vM2's migrate out, more similar molten phase diffusivities to be X V Is are ionized to maintain the electronic segregated in proportion to their normal equilibrium; and b) the vacancies need not molten-solid segregation coefficients.
migrate ail the way to the free surface -(Note that with a diffusivity of lxio-' cm2 they can, and apparently do, 1471 collect a period, t, of only 160 ns would give in voids, which may take longer, and more (2Dt) 'I2 = 100 nm, the entire thickness of energy, to remove. Note that we have assumed a typical damaged layer), This is not that the untrapped migration of the vacaxies observed /21,22/ G~~~~ VI impurities are occurs only as long as the high reflectivity very little segregated by pulsed laser was observed /lo/ at 630 nm at the annealing annealing even when they are very much segregated by the normal melting transition. The Group V impurity Ei is segregated less than would be predicted from the melting hypothesis. Cu, Zn, Fe and the Group I11 elements Ga and In are substantially segregated by pulsed laser annealing. If the plasma remains dense long enough for the vacancies and other host lattice defects to diffuse out, then there are very few vacancies available to diffuse impurities when the plasma-normal phase boundary sweeps to the surface. Group IV, V, and Vi impurities require a vacancy (or other host lattice defect) to diffuse and therefore should be expected to segregate very little during plasma annealing. Cu, Zn, and Fe normally diffuse as interstitials without any host lattice defect and therefore should remain mobile as the plasma boundary sweeps to the surface. Therefore, such impurities should segregate providing there is a driving force.. The fact that these impurities are present above the saturation limit of the normal Si assures such a driving force. There is also the observation that there is a strong correlation between the valence of an impurity and the energy (excess heat of mixing) required to create it in a semiconductor host. The most soluble interstitials have valence 1 (Li, Ba, K, Cu, Ag, and Au) ; elements with valence 2 are observed as interstitials but with lower solubility (Be, Ilg, and Zn). In irradiated Si one finds /45/ as many Group I11 interstitials as there are Si vacancies that have been introduced; the Si self interstitial has never been observed and only the smallest Group IV element, C, has been observed /49/, only in irradiated Si, Group V interstitials have never been observed /45/ in irradiated or non-irradiated Si. A simple but quantitative explanation /50,51/ of this observation has been based on electronic structure and the requirement to orthogonalize-the wave functions of the interstitial against those of the host lattice. In the presence of a dense electron-hole plasma the energy of formation of a Group I11 interstitial should be reduced by the ionization of both host and impurity atoms that interstitial diffusion could become significarxtin plasma phase. This would then explain the much greater degree of segregation that is found with Group I11 impurities than with Group V impurities having similar molten phase diffusivities and segregation coefficients. Now let us consider the diffusion of the plasma itself.. The dense plasma, which is essentially a super heated electronhole drop, will expand into the substrate. The ambipolar diffusivity of carriers in Si at room temperature /52/ is 18 cm2/s. Under pulsed laser annealing conditions this diffusivity would probably be greater due to an elevated value of the effective carrier temperature, Te (which must be distinguished from the effective lattice temperature, TL) and due to increase in phonon scattering time which we have argued must occur in order to account for the observed persistence of the plasma for several hundred nanoseconds. Indeed an increase in ambipolar diffusivity in Ge subjected to picosecond laser irradiation has been determined from direct observation of carrier diffusion /53/. It was found to be about three times the normal room temperature value. Yoffa's /26/ estimated diffusivity of a homogeneous plasma subject to irradiation typical of nanosecond laser annealing in Si is between 100 and 500 cmys Because the carrier scattering time and diffusivity is strongly dependent on plasma density and temperature, the diffusivity will vary with position and with time as the plasma expands. An accurate description of the process will have to consider the effect of the moving boundary of the dense plasma beyond which carriers will rapidly loose their energy to the lattice. Boundary effects will thus limit the effective plasma diffusivity. However, ,for the purpose of making a crude estimate of the magnitude of the plasma expansion, let us assume a constant effective diffusivity With these simplifing approximations, we predict that the plasma expands into the substrate a distance d = bP.r) 'I2 = 39 1~.m (14) for a time T = 150 ns. This would be an expansion of a factor of order 390 from the volume in which the 533 nm light was obserbed. When and where the plasma becomes underdense, it will no longer be metastable and will dump its energy into the lattice, but this energy will be dumped into a very large volume. Whereas a typical Ea = 0.25 J/ cm2 of absorbed energy (0.5 J/cm2 incident) would be sufficient to melt 0.15 um of (crystalline) Si if there were no diffusion, it cannot hear 39 pm more than 40° C.
Recall that it is hypothesized that the single shot annealing threshold is determined by the requirement that the plasma be made sufficiently dense that it can remain above critical density, nmin, although it is expanding rapidly, long enough for the vacancies to migrate out. mpirically this time /16/ seems to be about 150 ns, which was consistent with our rough estimate of the vacancy diffusion. Consider now the density of the plasma that might be produced by the initial laser pulse. In figures 1 and 2 we plot the variation with time of the surface energy density, E(t), for laser pulses with a triangular pulse shape (in time) with full widths, 2~ = 30ns and 30 ps respectively, a constant and If we hypothesize that none of this energy is transferred from the electronic system to tkie lattice, but take account of the expansion of the plasma during the pulse, we have about 5~1 0~~/ c m~ excited electrons and holes at the maximum, which occurs shortly after the laser's peak, and about 1 . 2~1 0~~/ c m~ after 150 ns. With the 30 ps pulse, the maximum excited electron concentration would be about 1 . 7~1 0~~/ c m~ for 0.25 J/cm2 and the same absorption and diffusivity. However, after 150 ns, energy and carrier density would be essentially the same as for the 30 ns pulse of the same energy. Therefore, we condlude that for this threshold pulse,energy, the 30 ns pulse would not drive the material through the weakly first order phase transition, but the 30 ps pulse would. It would take an estimated 3.6 J/cm2 to produce the phase transition to the electronically induced liquid state with a 30 ns laser pulse. However, the 30 ns pulse would drive the carrier concentration beyond 20 tines the intrinsic value at the melting point and keep it more than 5 times that value for the 150 ns required for vacancy diffusion. This level is well above that required for optically induced dislocation glide /38/, about 2~10'~/cm~, so that the material would be rather plastic. If the effective diffusivity were equal to the handbook value, 18 cm2/s, the carrier density would be hiqher and the energy requirement lower by a factor of 2.4. (It should be noted that most annealing is done with incident absorbed energies considerably higher than the 0.25 ~/cm' threshold so that one should expect often to see the effects of the plasma fluid phase, especially at the "hot spots" of an inhomogeous laser bean).
Are these threshold concentrations reasonably consistent with the properties ascribed to them? Because it is claimed that the increased surface reflectivity results from the plasma and not from a molten layer hw must exceed the energy of the probing P photon for the observed period. For the commonly used He-Ne laser the photon energy is 1.97 eV. In the standard expression for it is not obvious what value of the carrier effective mass, m*, or of the effective dielectric constant, e , ought to be assumed under PLA conditions (amorphous material and a vexy large carrier density). However, let us estimate E = 12 and m * = 0.2 me, where me is the free electron mass. Then the concentration of 1 . 2~1 0~~/ c m~ estimated to occur 150 ns after the onset of a 0.25 ~/cm' (absorbed) 30 ns 533 nm threshold pulse would have 5 w = 2.6 eV, sufficient to give P the observed high reflectivity. As this is also 50 times the maximal phonon energy, plasmon-phonon coupling would also be weak /24,25,27/. According to Yoffa's estimate /26/, the intravalley phonon scattering via the deformation potential channel would be screened down by a factor of 23 at this point.
Plurakami, et al. /13/ showed that annealing with a mode-locked laser (which emitted 30 ps pulses at 10 ns intervals for 150 ns) required an energy density just great enough that the reflectivity of a He-Ne laser was barely increased. This implies that the critical value of the plasma density, nmin, must be 25 % or so below that which would make f i w = 1.97 eV, P the He-Ne photon energy. This reasoning implies that nmin x 5 x l 0~~/ c m~, which is twice the excited carrier concentration at the melting point.
Note that because the mode-locked laser puts in energy continuously throughout the duration of the annealing event, the maximal carrier concentration does not need to be as great as in the case of annealing with C-switched lasers, which put all the energy in at the beginning of the event and then allow it to diffuse away. This leads to the predicition that better quality material will be produced with less power consumed using mode-locked rather than Qswitched lasers. It seems that any model which maintains the criterion for good annealing is that a sufficicient temperature or degree of melting be obtained must make the opposite prediction. This is because more heat will diffuse out of the zone in the 150 ns of a mode-locked laser pulse train than in the 10 ns or so of a Q-switched laser pulse. It seems that the prediction of the PA model is correct. /54,55L
The fact that the reflectivity decreases back to a normal Si value only rather slowly, is explained in the plasma hypothesis by the fact that the plasma edge is not a sharp step but is broadened by interaction between the plasmons and the single particle excitations, which is strong because ?iw exceeds the band gap, Ecv. Thus, as the P plasma expands and 5 w decreases through P the energy of the probing photons, the reflectivity coefficient slides dovin a gentle slope.
The fact that absorbed energy threshold required for annealing with 533 and 266 nm light does not change measurably /15/ between 30 pc. and 30 ns pulse durations is explained in the PA model by the consideration that the requirement for completed annealing, as opposed to the threshold for a transient reflectivity increase, is a sufficiently dense initial plasma. Once one is over the threshold for metastability of the plasma, a sufficient energy must be put in to create this critical density and it does not matter what the time interval is so long as it is short comparated with the 150 ns, or so, that the plasma must persist to get the excess volume out. One should expect to see somewhat of a decrease with shorter pulses. Because the power is greater, less energy is wasted to the lattice before the plasina becomes metastable, but this is not a large factor. Suppose that metastability was reached only at the peak of the pulse, then some portion of the first half of the pulse would be wasted as heat. Auston, et al. /16/ found that single shot Q-switch laser annealing requires that the energy absorbed be twice that required to cause-a few ns increase in the reflectivity of 630 nm He-Ne light. (We have shown above that this reflectivity implies a carrier density slightly greater than that required for metastability). Therefore, we may conservatively estimate that the reduction in absorbed energy density between 30 ns and 30 ps pulses of light that will be absorbed on a scale of order the layer thickness or less should not be greater than some portion of one quarter the energy of the 30 ns pulse. (Note that the melting model predicts the change should be a factor of 6 or more due to the diffusion of heat that occurs in 30 ns. Any theory in which the maximal surface temperature is the determining parameter will also predict a far lower threshold for 30 ps pulses than for 30 ns pulses because that maximal temperature will be larger by a factor of 30 in the case of the ps pulse).
